Summary: In the present investigation the velocity sedimentation technique was analysed with respect to separation resolution, power and sensitivity. It was found that apparative modifications do not influence the resolution, which is a function of the contribution of apparative errors to the dispersion. A surprisingly small parameter °f 0.15 was determined and it seems unlikely that this value can be improved. On the other hand an a Pparative modification is presented which improves the separation power and makes sample loading independent of the gradient filling. If cells (from rat bone marrow) were separated, a several times higher dispersion for a given cell volume was observed than was due to the apparative error. It was concluded that density variations were the major source of this dispersion. Since cell volume and density apparently show independent variations within a biological cell population the cell density cannot be disregarded if velocity sedimentation profiles are discussed in physical terms as is often done.
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Cells can be separated on the basis of size differences into populations different either in functions or in cell cycle phase' 1 1. The separation techniques available are electronic cell sorting and velocity sedimentation' 2 ' 3 '. Velocity sedimentation is the most frequently used method due to its technical simplicity and reasonably good resolution. The usual technique is that described by Peterson and Evans' 4 ) and Miller and Phillips' 5 ', using a cylindrical separation chamber with a conically formed base with a central inlet. The cell sample is placed into the cone of the chamber and is lifted to its starting position by an incoming gradient solution from serum. After cell sedimentation the gradient is drained via the bottom or top of the chamber. The discontinuous separation system is relatively limited in separation power and the dispersion is higher than theoretically expected' 4 " 7 '. Basically the dispersion can be classified into particle dependent factors and errors due to the method. Since the latter factor may be influenced by appropriate apparative modifications it was attempted 1. to define dispersion factors better and 2. to analyse various modifications of chamber filling and draining and sample application techniques with respect to resolution and separation power.
Methods

Sedimentation chambers
In the present study two sedimentation chambers were used. Both chambers consisted of a Jena-glass cylinder of 186 mm inner diameter and 150 mm height, in the one chamber this cylinder was fixed to a conically shaped base with a central inlet (inner diameter 1.6 mm) as described by Miller and Phillips' 5 '. In the other chamber the glass cylinder was fixed to a teflon-coated plane V2A steel plate as shown in Fig. 1 . The base plate contained 92 conically shaped bores (outer diameter 15 mm) which were regularly distributed over the chamber area. Steel needles (0.7 mm inner diameter) were fixed in these bores. From these needles silicone tubes (0.5 mm inner diameter) led to a 92 channel peristaltic pump with only poor pulsation (Garching Instruments, Garching, Munich). All tubes having identical length were then combined and were connected either with the fraction collector or the gradient mixer. Since the pump allowed reversible flow directions the chamber could be filled and drained at any flow rate desired (3 m//min -50 m//min). The error in the flow rate per tube was less than 1%. 
Gradient
A calf serum gradient (pH 7.4) was prepared by means of an electronic gradient mixer (Ultrograd, LKB) (Fig. 2) . The stock solutions were a 20% serum dilution in TC solution Puck-G (Difco) and a pure TC solution Puck-G. The linear gradient showed a buffered step on top as suggested by Miller and Phillips' 5 ' to reduce cell streaming. Mixing of the gradient was performed in a cylindrical chamber with 24 mm x 48 mm inner diameter. The sedimentation chambers were filled to a height of 94 mm. The serum concentration being 4% at the surface of the gradient increased steeply to 7% at a height of 84 mm and then linearly to 14% at the base of the cylinder. All operations were performed at 4°C. The density and viscosity of the gradient was determined at 4 °C. Sedimentation velocities were calculated as described' 1 '.
Sample application
The separation sample was loaded by means of two different techniques. If a chamber was used with a cynically shaped base with a central inlet the sample w as lifted to its starting position by the incoming gradient. If a chamber was used with a plane base the sa mple was applied to the top of the gradient. For this Purpose a metal plate with 25 regularly distributed and y erticalJy mounted steel needles was placed on top of the separation chamber. The ends reaching into the chamber were bent so that their outlets pointed vertically upwards, being at the same level as the gradient surface. Outside the chamber the needles were attached to silicone tubes which led over a peristaltic pump to the sample container.
4-Electronical cell sizing
The particle volumes were determined by means of an 
Bone marrow cells
Bone marrow from adult Wistar rats was collected in TC solution Puck-G and dispersed by repeated aspiration into pipettes. The sample was filtered through thin layers of cotton wool, washed twice and adjusted to 5 x 10 6 cells/m/ in TC solution Puck-G.
Results
Gradient disturbance
The separation resolution can be impaired by mechanical disturbance of the gradient during filling and draining of the separation chamber and during loading of the starting band. (Thermodiffusion and convection may be disregarded at 4°C.) A shallow serum gradient was filled into the chambers (Fig. 2) . During the filling a 50 ml portion of the gradient was stained with Trypan blue before entering the chamber. (Tailing was carefully avoided.) After complete filling the chamber was drained at a rate of 11.4 m//min and the colour profile was photometrically determined. In all cases symmetrical profiles were obtained. These profiles were transposed to Gaussian sum frequency paper and the full width (2 P< 0.1) regarded as an indirect measure for the gradient disturbance. Theoretically the thickness of the band in the chamber should be 1.8 mm. Experimentally, however, a 2.5-fold increase of the band width was observed. In both chambers this value was similar and constant up to a flow rate of 60 m//min (Fig. 3 ). Larger filling rates were not tested. When the filling rate (25 m//min) was kept constant and the draining The following conclusions may be drawn. 
3-1. Band width and resolution
The width of sedimenting bands depends on apparative and method parameters namely a) gradient establishment (disturbance by flow irregularities), b) retardation because of decreasing gravitational force in increasing medium density and viscosity, c) sample application and starting band width, 2. on radius and density variations of the particles and 3. on diffusion based instabilities as described by Masonl 9 ! and Sartory' 11 !. The latter effect may be disregarded as it is hardly observable below critical threshold concentrations °f particles' 9 !. In the following some band broadening effects were analysed.
Apparative resolution
The measured difference dm in the paths of two separated particles is the result of their differing sedimentation paths Asp x t and a systematic apparative error. Experience shows that this error comprises a constant value d0 (e.g. starting band thickness) and a time dependent variable sv x t where sv represents the result of some undefined intrinsic properties of apparatus and technique.
It follows in mathematical terms
If this equation is written in terms of relative band width B we obtain B = sa t Asp dp + Sy Sn Sa t Sq 0) (2) where sa is the average sedimentation velocity. This expression reveals that only the constant part of the error can be decreased by prolonging the separation time. The last term however is the absolute limit for improvement of band width and resolution and may partially be caused by diffusion based instabilities' 9 !. As A more detailed description of the first term --sa can be derived from the sedimentation velocity sp, which is connected to particle volume and density pp as well as the medium viscosity rjm and density Pm hy comparing the gravitational and frictional forces acting on the particle according to Stoke's law. Assuming the particles to be spheres sp is explicitly given as 
where index a indicates values averaged for two particles differing by Ar and App. This implies that relative band width depends on both particle properties: radius and density. In order to estimate the apparative error the variations of both particle properties must be kept negligibly small.
In this case with increasing sedimentation time (or sedimentation path) the relative band width will asymptotically approach a constant value
This value, being defined as the smallest distinguishable difference in sedimentation velocity Asp related to the average sedimentation velocity sö, is called the resolution R and describes an apparative parameter.
This parameter was determined in the following manner.
Polystyrene particles, being heterogeneous in size (Fig. 4) but homogeneous in density, were loaded at various particle concentrations (2 -5 x 10 6 particles/m/) and allowed to sediment for 12h. Thereafter the gradient was fractionated into 13 m/ portions (Fig. 5) , the volume histograms of the spheres in the single fractions electrically determined (Fig. 6) , and transferred into radius square (r 2 ) histograms by means of a calculator. The modes and the 90% ranges of the (r 2 ) histograms were plotted versus the sedimentation velocity (Fig. 7) . In a homogeneous medium a straight line is to be expected. However, in a serum gradient the retardation effect causes some deviation (Fig. 7) . This is not due to differences in the particle density since for the particles in all fractions a value of 1.059 g/cm 3 (error 1.6°/°°) was calculated from the sedimentation data. For any given particle radius the 90% range of the The following conclusions may be drawn.
1. The dispersion which is due to apparative errors is surprisingly small being 0.15.
2.
The resolution seems to be independent of the apparative modifications presently tested.
3. The smallest difference in the particle diameter at which complete separation is attained is 0.68 ± 0.01 fim. This requires a minimum sedimentation path of 30 mm irrespective of the particle size.
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sedimentation velocity distribution was determined. Since Asp is negligibly small and t is identical for all particles the ratio of these values to the average migration path can be regarded as the relative band width/?. As predicted by equation 2, the relative band width decreases with increasing sedimentation path and asymptotically approaches a value of 0.15.
The validity of this approach was directly proven by use of homogeneous polystyrene microspheres with a volume of 257 ± 7 /im 3 (2 P< 0.1) and 63 + 3.3 /mi 3 (2 P < 0.1). (Fig. 4) The particles were allowed to sediment for 6 and 12 h, respectively, and the band width (90% range) directly determined from the sedimentation histogram. The resulting values for the relative band width exactly fitted the results indirectly obtained. (Fig. 8 ) The measurements performed in both different chambers provided the same results. 
3.3, Separation sensitivity
If spheres are separated showing density differences within a given size the relative band width B will be also dependent on this particle property as shown by equations 2, and 3. Thus the particle properties will contribute to the dispersion. In order to discriminate the total dispersion from the apparative dispersion we will use the term separation sensitivity. This sensitivity o will be defined as the ratio of the real difference in the particle sedimentation velocity Asp to the smallest distinguishable difference in the sedimentation velocity Asmin. 
Ppa Pma where App is the difference in particle density, Ppa and pma are average densities of particle and tedium respectively and ra is the particle radius. In the following the particle dependent dispersion was tested with various mamalian cells. We used hone marrow cells since they comprise 1. morphologically discriminate cells, 2. cells of distinct sizes, and 3. cells of differing densities (Table) . Bone marrow cells were separated for 12 h in the serum gradient shown in Fig. 2 and subsequently fractionated into 10 ml portions. A bimodal sedimentation histogram was obtained (Fig. 9 a -b) with a broad shoulder in the fast fractions, a broad Peak with a mode at 60 mm, a narrow peak with a mode at 32 mm and a small shoulder with a mode at 23 mm migration path. The volume histograms of the cells in every tenth fraction were electrically determined (Fig. 10) . In contrast to the volume histograms of the polystyrene Particles the volumes of the cells did not grow continuously but in discrete steps (Fig. 10) . Based on this discrete pattern it was possible to fit normal distributions to the experimental histo- (Fig. 9b, table) . However these profiles were different from normal distributions by slight positive or negative curtosis. This is in some contrast to the Latex particles which, if they show normal distributions in size, also show normal distributions in sedimentation.
The most rational explanation is that density variation contributes to the sedimentation variation, and that density and size variation are not closely correlated. The fact that each size-defined sedimentation profile can be correlated to a certain cell type as suggested by a comparison of Figs. 9 a und b supports the validity of the analysis.
The contribution of density to the band dispersion was roughly estimated by the ratio of the 90% range of the sedimentation profile of a sizedefined cell population to the average migration path. It turned out that 1. optimal separation is attained after a migration path of approximately 30 mm, 2. the dispersion factor is 2 to 2.5-fold larger than for Latex particles. This implies that the density considerably contributes to the resolution of the system. Since a modification of the term --is hardly Ppa ~ 9ma possible without negatively influencing the cell viability, the separation sensitivity for cells can hardly be improved.
Discussion
In the present work the velocity sedimentation technique for cell separation was analysed with Altogether, it seems that the cell separation technique of velocity sedimentation has attained a level which can hardly be improved with respect to separation resolution.
